A unique dynamic delamination b u c k l i n g and delamination propagation analyp u t e r program. This c a p a b i l i t y consists of: t i m e i n t e g r a t i o n s o l u t i o n sequence which provides a new a n a l y s i s a l g o r i t h m t h a t can be used t o p r e d i c t delamination b u c k l i n g i n a laminate subjected t o dynamic loading, and (2) a new method o f modeling the composite laminate u s i n g p l a t e bending elements and m u l t i p o i n t c o n s t r a i n t s . This computer program i s used t o Q, p r e d i c t both impact induced b u c k l i n g i n composite laminates w i t h i n i t i a l delami n a t i o n s and the s t r a i n energy release r a t e due t o extension o f the delaminat i o n . I t i s shown t h a t delaminations near the o u t e r surface o f a laminate are s u s c e p t i b l e t o l o c a l buck1 i n g and buckling-induced delamination propagation when the laminate i s subjected t o transverse impact loading. The c a p a b i l i t y now e x i s t s to p r e d i c t the t i m e a t which the onset o f dynamic delamination buckl i n g occurs, the dynamic b u c k l i n g mode shape, and the dynamic delamination s t r a i n energy release r a t e .
INTRODUCTION
Composite laminates are s u b j e c t to delamination, which causes a loss o f both s t i f f n e s s and s t r e n g t h . Delamination i s g e n e r a l l y induced by s t a t i c , dynamic, or f a t i g u e loading. Delaminated sublaminates are p a r t i c u l a r l y suscept i b l e to dynamic l o c a l b u c k l i n g when subjected t o impact loading. The p r e d i ct i o n o f impact-induced dynamic delamination b u c k l i n g i s necessary for e v a l u a t i n g the d u r a b i l i t y o f many composite s t r u c t u r e s and i s , t h e r e f o r e , t h e t o p i c o f t h i s paper.
The delamination b u c k l i n g phenomenon has been observed e x p e r i m e n t a l l y under s t a t i c and f a t i g u e l o a d i n g conditions ( r e f s . 1 t o 41, and several a n a l y ti c a l methods have been proposed t o model t h i s damage mechanism. Onedimensional beam models and f r a c t u r e mechanics approaches ( r e f s . 5 and 6) have been used t o gauge the s t a b i l i t y o f delaminations i n compressively loaded laminates. F i n i t e element approaches ( r e f s . 7 and 8) a r e often used for these a n a l y s i s .
I n the course o f e a r l i e r research, experimental observations o f dynamic delamination b u c k l i n g i n t r a n s v e r s e l y impacted laminates were r e p o r t e d ( r e f . 9) based on high-speed photography o f t h e delamination b u c k l i n g sequence. This work motivated the present development o f a f i n i t e element a n a l y s i s technique t o p r e d i c t the occurrence o f impact-induced dynamic b u c k l i n g i n laminates w i t h delaminations. I t has been shown ( r e f s . 9 and 10) t h a t the mechanism causing extension o f a delamination depends on the l o c a t i o n of t h a t delamination w i t h i n the impacted laminate. A delamination along t h e midplane of a symmetrical lami n a t e w i l l i n i t i a l l y extend i n a predominantly Mode I 1 fashion. o f f the midplane ( c l o s e r t o t h e o u t e r surface) o f a laminate, however, are susc e p t i b l e t o buckling caused by compressive s t r e s s i n t h e delaminated region.
This l o c a l b u c k l i n g may then induce a Mode I dominated extension o f the delamination. I n t h e l a t t e r case, t h e a b i l i t y t o p r e d i c t the onset o f dynamic delamination buckling i s e s s e n t i a l to determine i f extension o f t h e delaminat i o n w i l l occur when t h e laminate i s subjected t o a given impact load. The obj e c t i v e s of t h i s paper are: dynamic delamination b u c k l i n g and delamination propagation, and ( 2 ) t o present t y p i c a l r e s u l t s of t h i s procedure f o r a d e l aminated composi t e 1 aminate under impact loading.
Delaminations
(1) t o o u t l i n e t h e computational procedure for DYNAMIC BUCKLING ANALYSIS To perform the dynamic delamination b u c k l i n g a n a l y s i s , t h e d i r e c t time
The b u c k l i n g analyi n t e g r a t i o n s o l u t i o n sequence i n the f i n i t e element program i s a l t e r e d so t h a t a l i n e a r buckling a n a l y s i s i s performed a t each time step. s i s r e q u i r e s solutions o f t h e eigenvalue problem:
where CKI i s t h e s t r u c t u r a l s t i f f n e s s m a t r i x CK, l i s t h e stress s t i f f n e s s m a t r i x
The f o r m u l a t i o n o f these matrices f o r t h e NASTRAN Quad-4 p l a t e element used here i s g i v e n i n reference 11.
Each s c a l a r eigenvalue s a t i s f y i n g equation (1) p h y s i c a l l y represents t h e nondimensional r a t i o where u i s the time-dependent compressive l o n g i t u d i n a l s t r e s s i n t h e delamlnated sublaminate, A i s t h e cross-sectional area o f the sublaminate, and P, i s the c r i t i c a l compressive load t h a t w i l l cause b u c k l i n g o f t h e sublaminate.
When an eigenvalue reaches the c r i t i c a l value o f u n i t y (uA = P * ) , b u c k l i n g i n t h a t mode occurs. The eigenvectors {I$} associated w i t h each eigenvalue a r e the corresponding dynamic b u c k l i n g mode shapes. Figure 1 of 800 four-node isoparametric plate-bending elements (QUAD-4 elements i n MSClNASTRAN) arranged as shown schematically i n f i g u r e 3 . Four elements were used i n t h e thickness d i r e c t i o n , so ebch f i n i t e element represents 5 p l i e s o f t h e 20-ply u n i d i r e c t i o n a l laminate. Although a r e l a t i v e l y f i n e , u n i f o r m f i n i t e element mesh was used f o r s i m p l i c i t y i n t h i s example, a somewhat coarser mesh i s allowable i n regions where high s t r e s s g r a d i e n t s are not a n t i c i p a t e d . To make t h e most e f f i c i e n t use o f computer time, l q r g e r elements may be used i n regions remote from t h e delamination w i t h o u t s a c r i f i c i n g any accuracy.
The a1 lowable displacements of adjoi.ning nodal p o i n t s i n t h e thickness d i r e c t i o n were constrained, using m u l t i p o i n t c o n s t r a i n t equation sets, so as to s a t i s f y simple beam bending assumptions away from the delaminated r e g i o n and i n each o f the sublaminates i n the delaminated r e g i o n . are :
These assumptions ( 1 ) Plane sections remain plane ( 2 ) No s t r a i n i n t h e transverse ( Z ) d i r e c t i o n , ' .
. The f i r s t c o n s t r a i n t $ e t r e s t r i c t s neighboring nodal p o i n t s i n t h e thickness d i r e c t i o n t o deform along a s t r a i g h t l i n e over the cross s e c t i o n (shear deformation i s neglected) w h i l e the beam midplane'remains unstrained. The second c o n s t r a i n t s e t prevents neighboring p l i e s from p e n e t r a t i n g i n t o each o t h e r .
These c o n s t r a i n t s are r e l a x e d near the delaminated r e g i o n so t h a t t h e displacements of the nodal p o i n t s d e f i n i n g the delamination are allowed t o deform as t h e s o l u t i o n d i c t a t e s , independent of t h e deformation o f t h e neighboring p l i e s . This allows the delaminated region t o separate from t h e main laminate when a l o c a l compression occurs i n t h a t area, as shown i n f i g u r e 4. The conused here are shown schematlcally i n f i g u r e 5. s t r a i n t s TY P f i n i t e e (1.5x106 sumed t o pendi cu 1 p = 1580 c a l u n i d i r e c t i o n a l graphi telepoxy m a t e r i a l constants were used i n the ement a n a l y s i s ; E1 = 134.4 GPa ( 1 9 . 5~1 0 6 p s i ) , E2 = 10. A r e p r e s e n t a t i v e t r i a n g u l a r loading, shown i n f i g u r e 2, i s a p p l i e d a t t h e midpoint of the laminate t o simulate transverse impact. supported.
Both ends o f the laminate are assumed t o be r i g i d l y
RESULTS AND DISCUSSION
Figures 6 and 7 show the midplane displacement and bending s t r e s s r esponse of a COl1os laminate without an i n i t i a l delamination. I t i s apparent * O r i g i n a l measurements were i n inches. t h a t the boundaries (clamped ends) have no effect on t h e s t r u c t u r a l response before 250 ps f o r t h e specimen geometry studied. Furthermore, i f a delaminat i o n e x i s t s i n the r e g i o n of h i g h compressive f l e x u r a l s t r e s s 5 t o 8 cm ( 2 to 3 i n . ) from the Impact p o i n t , l o c a l b u c k l i n g of the sublaminate r e g i o n may o 250 ps i n t e r v a l . occur i n the 150 A 5.08 cm ( 2 i n t o the f i n i t e e described between x = 10.16 cm ( x =
This approach i s used here t o perform f i n i t e element analyses of impacted laminates w i t h successively i n c r e a s i n g delamination crack lengths. A simple technique i s then used to c a l c u l a t e t h e v a r l a t i o n of the dynamic s t r a i n energy release r a t e with time d u r i n g t h e i n t e r v a l on which the impact load a c t s . Using the applied f o r c e , F ( t ) , and the displacement, y ( t ) , a t the p o i n t o f impact, the amount of energy s t o r e d I n the s t r u c t u r e a t any t i m e t i s
This c a l c u l a t i o n I s performed f o r several successive Increments i n crack length, each increment being equal t o one element l e n g t h i n the f i n i t e element model. 
i a t i o n of s t r a i n energy release r a t e w i t h time a t each t i p of the 5.08 cm (2.0 i n . ) long i n i t i a l delamination i s shown i n f i g u r e 10. This i n d icates t h a t , i n the absence o f f l e x u r a l wave r e f l e c t i o n s from the boundaries, the delamination w i l l i n i t i a l l y extend/towat-d the p o i n t o f impact. V a r i a t i o n o f the energy r e l e a s e r a t e as the i n i t i a l crack l e n g t h i s extended toward t h e p o i n t of impact i s shown i n f i g u r e 11. o f the energy release r a t e t o decrease as t h e crack l e n g t h i s increased i n d i -
cates t h a t the a v a i l a b l e s t r a i n energy for delamination extension w i l l decrease monotonically, l e a d i n g t o s t a b l e delamination growth and eventual a r r e s t .
The apparent t r e n d f o r the magnitude RELEVANCE TO EXPERIMENTAL OBSERVATIONS
The dynamic delamination buckling a n a l y s i s procedure presented here was used t o p r e d i c t the observed delamination b u c k l i n g of the c a n t i l e v e r e d specimen shown schematically i n f i g u r e 12, which was t e s t e d as described i n r e f e rence 9. The impact f o r c e h i s t o r y and m a t e r i a l p r o p e r t i e s used i n the a n a l y s i s are from reference 9. Figure 52 shows the c a i c u i a t e a v a r i a t i o n o f the iowest eigenvalue w i t h t i m e , and the associated buck1 i n g mode shape. The eigenvalue behavior i n d i c a t e s a first-mode delamination b u c k l i n g approximately 150 ps from the beginning o f impact. graphic data i n reference 9, which shows delamination b u c k l i n g and i n i t i a l crack extension o c c u r r i n g between 2 to 3 frames (125 t o 187.5 ps) from the beginning o f impact. Further experimental i n v e s t i g a t i o n i s c u r r e n t l y being conducted t o provide a d d i t i o n a l v e r i f i c a t i o n and w i l l be r e p o r t e d i n t h e near f u t u r e .
This i s i n reasonable agreement w i t h t h e photo-
The methods analyze the prob POSSIBLE EXTENSIONS described here can be extended i n em o f dynamic buckling and extens a s t r a i g h t f o r w a r d manner t o on o f an a r b i t r a r i l y shaped embedded delamination i n -a laminated p l a t e . p r e v i o u s l y under s t a t i c l o a d i n g conditions ( r e f s . 7 and 12). The a n a l y s i s procedure for the p l a t e w i l l be s i m i l a r t o t h a t used for the beam-like laminate geometry used here, although the physical meaning o f the b u c k l i n g eigenvalue w i l l be s l i g h t l y modified due t o the more complex s t r e s s f i e l d . F u r t h e r a p p l ic a t i o n o f t h i s crack-extension modeling procedure t o analyze the growth o f both t r a n s p l y cracks and edge cracks i n composite laminates i s p o s s i b l e .
Embodying these extensions i n t o the computational procedure w i l l make i t possib l e t o assess damage tolerance and s t r u c t u r a l f r a c t u r e i n composites subjected t o impact loads. This problem has been analyzed CONCLUSIONS A dynamic delamination b u c k l i n g a n a l y s i s procedure f o r composite laminates w i t h delaminations has been developed and incorporated i n t o a f i n i t e element computer program.
t o p r e d i c t : ( 1 ) the time a t which delamination b u c k l i n g occurs, and (2) the dynamic b u c k l i n g mode shape. P r e l i m i n a r y experimental v e r i f i c a t i o n has supp o r t e d the v a l i d i t y of the a n a l y s i s .
This a l g o r i t h m enables the m o d i f i e d f i n i t e element program
The procedure used here to model the composite laminate a l l o w s progress i v e extension of the delamination t o be simulated by removing the a p p r o p r i a t e c o n s t r a i n t s between displacements a t neighboring nodal p o i n t s . This s l i g h t l y increases the t o t a l number o f degrees o f freedom t o be solved f o r i n t h e f i n i t e element analysis, w h i l e keeping t h e number of elements and t h e element mesh constant as the crack extends. This procedure g r e a t l y s i m p l i f i e s t h e simulat i o n of progressive crack extension. delamination s t r a i n energy r e l e a s e r a t e for a composite laminate under impact 1 oadi ng .
Results obtained show t h a t : ( 1 ) delaminations near t h e o u t e r s u r f a c e o f a laminate t h a t i s subjected to transverse impact l o a d i n g a r e s u s c e p t i b l e t o dynamic buckl i n g and buckl ing-induced propagation, and (2) I n t h e absence of boundary e f f e c t s , transverse impact a t a p o i n t near a d e l a m i n a t i o n w i l l cause t h e delamination to propagate toward t h e p o i n t o f impact, w i t h l i t t l e or no extension I n the opposite d i r e c t i o n .
I t was used t o c a l c u l a t e t h e dynamic F u r t h e r a p p l i c a t i o n o f t h i s procedure t o t h e problem o f b u c k l i n g and prop-
I n addia g a t i o n of an embedded delamination I n a laminated p l a t e i s p o s s i b l e . t i o n , s i m i l a r techniques can be used t o model d i f f e r e n t f l a w types such as t r a n s p l y cracks and edge cracks.
b l e t o computational l y assess t h e damage t o l e r a n c e of compos1 t e s t r u c t u r e s w i t h i n i t i a l or induced d e f e c t s when subjected t o impact loading. 
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